Presenilin 1 or presenilin 2, nicastrin, APH-1, and PEN-2 form high molecular weight complexes that play a pivotal role in the cleavage of various Type I transmembrane proteins, including the ␤-amyloid precursor protein. The specific function of PEN-2 is unclear. To explore its function and intermolecular interactions, we conducted deletion and mutagenesis studies on a series of conserved residues at the C terminus of PEN-2. These studies suggest that: 1) both the presence and amino acid sequence of the conserved DYLSF domain at the C terminus of PEN-2 (residues 90 -94) is critical for binding PEN-2 to other components in the presenilin complex and 2) the overall length of the exposed C terminus is critical for functional ␥-secretase activity.
The presenilin proteins (PS1 and PS2) are evolutionarily conserved polytopic transmembrane proteins that are required for the regulated intramembranous proteolysis of several Type 1 transmembrane proteins including the ␤-amyloid precursor protein (APP), 1 Notch receptor, and p75 (1) (2) (3) (4) . Several different lines of evidence have revealed that the presenilins form high molecular weight complexes with at least three other proteins (APH-1, PEN-2, and nicastrin) (5) (6) (7) (8) (9) and that all of these other proteins are required for functional intramembranous proteolytic activity (10) . As a result, null mutations or suppression of the expression of these genes results in loss of regulated intramembranous endoproteolysis of APP (termed ␥-secretase cleavage), Notch (termed S3 cleavage), and the other Type 1 transmembrane protein substrates. Conversely, clinical missense mutations in PS1 and PS2 that are associated with familial Alzheimer's disease (11, 12) and selected experimental missense mutations in nicastrin (6) can all alter presenilin-dependent ␥-secretase cleavage of APP, leading to overproduction of longer proteolytic derivatives of APP termed amyloid ␤-peptide (A␤).
PEN-2 (presenilin enhancer 2) was initially identified during a genetic screen for modifiers of the presenilin homologues in Caenorhabditis elegans (SEL-12 and HOP-1) (8) . Subsequent studies confirmed that it is a component of the high molecular weight presenilin complexes and that its presence within these complexes is necessary for their maturation and activity (8, 13, 14) . Thus, loss of PEN-2 activity is associated with reduced presenilin levels (8, 15, 16) , reduced presenilin endoproteolysis (13, 17, 18) , and loss of regulated intramembranous proteolytic (␥-/S3 cleavage) activity (8) . Analysis of the primary amino acid sequence of PEN-2 provides no clue as to its function. However, the protein is predicted to have two hydrophobic transmembrane domains (19, 20) . There are also a series of residues at the hydrophilic C terminus (residues 90 -101) that are conserved during evolution and that we hypothesize are functionally important (see Fig. 1A ). In support of this, one of the three naturally occurring loss-of-function mutants in C. elegans is a stop codon mutation at residue Trp 74 , which truncates the protein near the beginning of this C-terminal hydrophilic loop (8) (see Fig. 1 ). To explore this hypothesis, we have investigated the functional effects of mutations in this C-terminal domain. Our data indicate that both the overall length of the exposed C terminus of PEN-2 and the sequence of a highly conserved DYLSF motif within this domain are important for binding of PEN-2 to other components of the presenilin complex and for proper function of the complexes during NCT maturation, presenilin endoproteolysis, and A␤ secretion.
EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids and Stable
Cells-A cDNA clone encoding human wild-type PEN-2 was generated by PCR from a human brain cDNA library. Using this cDNA as a template, constructs encoding an N-terminal V5-tagged wild-type and mutant PEN-2 were obtained by PCR using 5Ј-GAATTCCAGCTATGGGTAAGCCTATCCC-TAACCCTCTCCTCGGTCTCGATTCTACGAACCTGGAGCGAGTGTC-CAAT-3Ј as a forward primer, and 5Ј-CTCGAGCTCAGGGGGTGCCC-AGGGGTAT-3Ј for wild-type PEN-2, 5Ј-CTCGAGCTCACCGGTAGAT-CTGGAAGAT-3Ј for del84 -101, 5Ј-CTCGAGCTCACCCAAGGGCACC-CCAGCG-3Ј for del90 -101, and 5Ј-CTCGAGCTCAGGTGAAGGAGAG-GTAGTC-3Ј for del96 -101 as a reverse primer. Mutagenesis primers 5Ј-CGCTGGGGTGCCCTTGGGGCCGCCGCCGCCGCCACCATACCC-CTGGGCACCCCCTGACTCGAG-3Ј and 5Ј-CGCTGGCCTGCCCTTGG-GACCATACCCCTGGGCACCCCCTGACTCGAG-3Ј were used for the generation of constructs encoding AAAAA and del90 -94, respectively. In agreement with previous reports (8, 16 ) preliminary experiments (data not shown) revealed that when PEN-2 was expressed from a vector that included a C-terminal Myc/His tag, the resultant Cterminally tagged PEN-2 protein was not stable and was not fully functionally active. Consequently, all constructs were tagged with V5 at the N terminus and, following direct sequence verification, were ligated into the expression vector pcDNA4 (Invitrogen). The N-terminal V5 tag partially interferes with the recognition epitope (residues 1-26). However, transient transfection of N-terminal V5-tagged wild-type PEN-2 constructs into cells in which PEN-2 expression had been suppressed by RNAi (see below) confirmed that the V5-tagged protein was expressed and fully complemented the loss of endogenous PEN-2, resulting in restoration of PS1 endoproteolysis, nicastrin maturation, and A␤ production. HEK293 cells stably expressing APP swe were transfected with these plasmids or with empty vector (as a negative control) using LipofectAMINE (Invitrogen). Stable transfectant cells were selected in 150 g/ml zeocin. For a stable PEN-2 knock-down cell line, the oligonucleotides against PEN-2 160 -180 were ligated with pSUP vector (Oligoengine) as per the manufacturer's instruction. After confirming the sequence, pSUP/PEN-2 160 -180 and pCDNA6/V5 vector (Invitrogen) were stably transfected into a HEK293 clone stably expressing APP swe , using LipofectAMINE and were selected with blasticidin (10 g/ml). For rescue analysis, the cDNA sequence of all constructs corresponding to PEN-2 160 -180 were mutated without changing the amino acid sequence using mutagenesis primer: 5Ј-GAACAGAGCCAAATCA-AAGGTTACGTATGGCGCTCAGCTGTGGGCTTCCTCTTC-3Ј. These cDNA constructs were also validated by direct nucleotide sequencing.
Antibodies-The following antibodies were used in this study: anti-PEN-2 antibody (a gift from Dr. Thinakaran) (17) Immunoprecipitation-Membrane fractions isolated from HEK293 cells were lysed with 1% CHAPSO (Sigma) in a buffer containing 10% glycerol. After preclearing with protein A-Sepharose CL-4B (Amersham Biosciences) for 1 h, the cell lysates were incubated with the appropriate antibody. The immunoprecipitants were recovered by overnight incubation at 4°C with protein A-Sepharose CL-4B. The beads were washed three times with 1% CHAPSO in the same buffer.
Cycloheximide Treatment-The stable transfectants of the empty vector, wild-type, and mutant PEN-2 constructs were incubated in the presence of cycloheximide (30 g/ml) for 6, 12, or 24 h and then analyzed by immunoblotting with anti-V5 or anti-PEN-2 antibodies.
Gradient Centrifugation-For subcellular fractionation, the membrane fractions were isolated from HEK293 cells as described previously (22) and were applied on a step gradient consisting of 1 ml each of 30, 25, 20, 15, 12.5, 10, 7.5, 5, and 2.5% (v/v) iodixanol (Accurate). After centrifugation, 0.8-ml fractions were collected and analyzed by Western blotting. Specific marker proteins of the endoplasmic reticulum (calnexin) and Golgi (GM130) were detected using monoclonal antibodies.
A␤ Assays-A␤ 40 and A␤ 42 were measured as described by enzymelinked immunosorbent assay (23, 24) , using conditioned medium collected from PEN-2 knock-down HEK293 cells transiently transfected with either wild-type PEN-2, mutant PEN-2, or an empty vector as a control. The values of both A␤ 40 and A␤ 42 were compared by Student's t test. Because the DYLSF mutants represent a population of related mutants that are not fully independent of each other, we analyzed the mutations involving the DYLSF domain including the deletion mutants as a single population to avoid the risk of false positive results arising from multiple comparisons. The AAA (IPG), del96 -101, KDAS, and del100 -101 mutants were individually compared with wild-type PEN-2 because they represent a small number of tests of a different hypothesis (that the length of the C terminus is critical).
RESULTS
Functional Domain Analysis-To explore the function of the conserved residues at the C terminus of PEN-2, we initially created three overlapping deletion mutants: del84 -101, del90 -101, and del96 -101 (Fig. 1B) . When these cDNAs were stably transfected into HEK293 cells stably expressing APP swe , they produced proteins of the expected molecular weight ( Fig. 2A , top panel). Immunoprecipitation with PS1 revealed that the wild-type exogenous V5-tagged PEN-2 co-precipitated with PS1 (Fig. 2B, panel 1) . The wild-type V5-tagged PEN-2 protein also displaced endogenous PEN-2 (Fig. 2, A, panel 2, and B,  panel 2 ). (Note that the N-terminal V5 tag partially interferes with the recognition epitope (residues 1-26), so that the V5-tagged and endogenous PEN-2 peptides can be easily distinguished by their differential affinities for anti-V5 antibodies and the antibody to residues 1-26 of PEN-2. Note also that the interference with the anti-PEN-2 antibody recognition sequence has no functional effect because transient transfection of N-terminal V5-tagged wild-type PEN-2 constructs into cells in which endogenous PEN-2 expression had been suppressed by RNAi (see below) fully complemented the loss of endogenous PEN-2, resulting in restoration of PS1 endoproteolysis, nicastrin maturation, and A␤ production.) In contrast, mutant PEN-2 with a deletion after residue 96 (del96 -101) moderately reduced the binding of the exogenous PEN-2 to PS1, nicastrin, and APH-1 and was able to partially displace endogenous PEN-2. However, deletion of residues 84 -101 or 90 -101 dramatically reduced the amount of exogenous PEN-2 that was co-precipitated with PS1 (Fig. 2B, panel 1) . Furthermore, because these overexpressed deletion mutant PEN-2 molecules did not bind PS1 (Fig. 2B, panel 1) , they also failed to displace the endogenous PEN-2 ( Fig. 2A, panel 2) , which therefore continued to interact and co-precipitate with PS1 (Fig. 2B, panel  2 ). As would be predicted, the del84 -101 and del90 -101 did not co-precipitate with either APH-1 or nicastrin (Fig. 2B , panels 4 and 5). These observations suggest that the C terminus, and in particular residues 90 -96, which contain the highly conserved DYLSF motif, may either: 1) be essential for the stability of PEN-2; 2) be essential for the proper trafficking of PEN-2; or 3) be involved in binding of PEN-2 to other components of the presenilin complex.
To explore whether these mutants caused destabilization of PEN-2, we assessed cellular PEN-2 levels following cycloheximide blockade of protein synthesis in HEK293 cells. Endogenous PEN-2, wild-type PEN-2 tagged at the N terminus, and del96 -101 mutant constructs had equivalent stability with a half-life of ϳ9 -10 h (Fig. 3) . In contrast, both the del84 -101 and del90 -101 deletion mutants were highly unstable, with a half-life of approximately 4 h. This result is not surprising because the del84 -101 and del90 -101 molecules are not incorporated into presenilin complexes and are therefore not stabilized. However, it is also possible that these proteins might be intrinsically unstable and that they are simply degraded before they can interact with the other components of the presenilin complexes. To exclude this possibility, we transiently expressed V5-tagged wild-type and mutant PEN-2 peptides in PS1 and PS2 double knock-out ES cells, where the stabilizing influence of presenilin complexes are not present, thereby allowing a direct comparison of the intrinsic stability of the wild-type and deletion mutant peptides. In PS1::PS2 double knock-out ES cells, the stability of transiently expressed wild-type and mutant PEN-2 proteins were equivalently reduced to less than 4 h, confirming that the mutant PEN-2 proteins were not intrinsically unstable (data not shown).
To explore whether these mutants caused mistrafficking of PEN-2, we investigated the subcellular distribution of endogenous and exogenous PEN-2, using biochemical fractionation on iodixanol gradients. This study revealed that endogenous PEN-2 is predominantly located in intracellular membrane structures, especially those of the endoplasmic reticulum (colocalizing with calnexin) and the Golgi network (co-localizing with GM130) (Fig. 4, panel 3) . The distributions of exogenous V5-tagged wild-type PEN-2 as well as the del84 -101, del90 -101, and del96 -101 mutants were essentially identical and just slightly shifted with regard to the distribution of endogenous wild-type PEN-2 because of the presence of the additional V5 tag and/or because of modest overexpression (Fig. 4, panels  4 -7) .
Previous studies have suggested that PEN-2 plays a role in presenilin endoproteolysis, nicastrin maturation, and A␤ generation (8, 13, (15) (16) (17) (18) . Several of the mutants described above, even when stably overexpressed, are unable to displace endogenous PEN-2 from functional complexes. As a result, it is impossible to measure the functional properties of these PEN-2 mutants in cells expressing endogenous PEN-2. To circumvent this problem, we created PEN-2 knock-down cells by stable expression of PEN-2 siRNA. In these PEN-2 knock-down cells, endogenous PEN-2 protein is moderately (clone 10) or severely depleted (clones 13, 17, and 19) (Fig. 5, top panel) . In agreement with previously reported studies using transient siRNA expression of PEN-2 (16, 18), our PEN-2 stable knock-down cells showed significant accumulations of immature glycosylated nicastrin (Fig. 5, panel 2) , full-length PS1 (Fig. 5, panel  3) , and APP-CTF (Fig. 5, panel 6 ). These PEN-2 knock-down cells also showed significant reductions in the amount of mature PS1-NTF, and these reductions in PS1-NTF levels were in proportion to the degree of depletion of PEN-2. As expected from previous work showing that APH-1 is a stable initial scaffolding molecule (21), APH-1 (Fig. 5, panel 4) and fulllength APP (Fig. 5, panel 5) were not affected by PEN-2 knockdown. However, A␤ secretion was significantly reduced compared with mock cells (Fig. 5, panel 7) .
To assess the interaction of these PEN-2 deletion mutants (del84 -101, del90 -101, and del96 -101) with nicastrin, presenilins, and APH-1 in the absence of interference from endogenous PEN-2, we transiently expressed each of these deletion mutants in the PEN-2 knock-down cells. As expected from the initial immunoprecipitation experiments reported above, both the del84 -101 and the del90 -101 mutants bound poorly to the other presenilin components even in the absence of endogenous PEN-2 (Fig. 6, lanes 3 and 4) . Again in agreement with the results reported above, the binding of the del96 -101 mutant to nicastrin, PS1, and APH-1 was reduced, but less severely than binding of del84 -101 and del90 -101 mutants. To further explore the sequence specificity of the apparently important conserved DYLSF domain at residues 90 -94, we created a deletion mutant (del90 -94), and a series of missense mutations in which either single residues, two residues, or five residues within the 90 -94 domain were mutated to alanine (Fig. 1C) . We then repeated the co-immunoprecipitation studies. Deletion of residues 90 -94 or missense mutation of all five residues to alanine caused a dramatic reduction in the interaction between presenilin 1, nicastrin, and APH-1 (Fig. 6, lanes 10 and  11) . In contrast, mutation of a single residue or two residues had variable but generally less severe effects on the interaction FIG. 1 . A, alignment of PEN-2 proteins. Transmembrane domains are indicated by underlining. The arrowheads and arrows indicate the truncated positions for a series of deletion mutants and the conserved residues among the last six residues. B, the schematic structure of wild-type or a series of large deletion mutants. C, the mutants in DYLSF domains. The substituted alanines are underlined. D, the schematic structure of AAA (IPG), KDAS, and deletion mutant at residues 100 and 101. wt, wild type.
of PEN-2 with the other components as measured by co-immunoprecipitation (Fig. 6, lanes 6 -9) .
To assess the functional properties of these PEN-2 mutants, we next examined their ability to rescue presenilin complex formation and maturation in PEN-2 knock-down cells. Transient transfection of wild-type PEN-2 in PEN-2 knock-down cells significantly rescued nicastrin maturation, PS endoproteolysis, and A␤ secretion (Fig. 7, panels 1, 2, and 5) , and was associated with slight reduction of APP-CTF (Fig. 7, panel 4) . In contrast, transient expression of the AAAAA poly-substitution of residues 90 -94, (Fig. 7) and the del84 -101, (Fig. 8)  del90 -94, (Fig. 7) , and del90 -101 (Fig. 8) deletion mutants, which do not bind efficiently to other presenilin complex components, had little or no ability to rescue presenilin complex maturation and/or A␤ secretion (Fig. 7, panels 1, 2, and 5) . The sAPP was unchanged in these cells (Fig. 7, panel 6 ), indicating that these mutants had not altered APP maturation, trafficking, or cleavage by ␣-and ␤-secretase. These effects were robust, being replicated in all three independent PEN-2 knockdown cells. In contrast to the profound loss-of-function effects of the AAAAA and del90 -94 mutants, mutation of only one or two residues of the DYLSF domain caused variable but milder reductions in nicastrin maturation and PS endoproteolysis and A␤ secretion (Figs. 8, lanes 6 -9, and 9A, lanes 6 -9) , and the degree of reduction was commensurate with the effect of each mutant on the interaction with other presenilin complex components. For instance the most conservative mutation DYLSF 3 EYLSF caused modest reductions in binding, complex maturation, and A␤ secretion (Figs. 8, lane 8, and 9,  lane 8) .
Despite the fact that the del96 -101 mutant binds more efficiently to other presenilin complex components than do the remaining PEN-2 deletion mutations, the del96 -101 mutant only partially rescued presenilin complex maturation and function (with activity being equivalent to that of the other deletion mutations). We reasoned that this reduced rescue activity of the del96 -101 mutant despite its only mild reduction in binding could occur if there are specific residues in the 96 -101 domain that are critical for PEN-2 activity. There are three highly conserved residues in this domain: Ile at codon 96, Pro at codon 97, and Gly at codon 99. An alternate possibility is that the absolute length of the C terminus is critical to the function of PEN-2, and this deletion (and all of the other deletions) has altered this property. This latter possibility is supported by the prior report that exogenous wild-type C-terminally tagged PEN-2 failed to complement loss-of-function alleles in the C. elegans PEN-2 gene (8) and by our earlier observation that PEN-2 constructs tagged with C-terminal Myc epitopes were unstable (Fig. 3) . To resolve this dichotomy, we made three constructs: one with alanine missense mutations at all three conserved residues, one with a four-residue (KDAS) C-terminal addition, and one with a deletion of the two nonconserved C-terminal residues, AAA (IPG), KDAS, and del100 -101, respectively (Fig. 1D) . Immunoprecipitation experiments following transient expression of these constructs in PEN-2 knock-down HEK293 cells revealed that the AAA (IPG) mutant bound to the other presenilins complex components comparably with that of wild-type PEN-2. However, the KDAS and the del100 -101 mutant had a moderate reduction in binding that was similar in magnitude to the reduction in binding of the del96 -101 mutant (Fig. 6, lane 15 for del100 -101 ; not shown for KDAS). As would be expected from these binding assays, transient expression of the AAA (IPG) mutant nearly completely rescued both nicastrin maturation, PS endoproteolysis, and A␤ secretion, whereas the KDAS and the del100 - 101 mutant had minimal effect (Figs. 8, lanes 14, 15, and 18,  and 9A, lanes 14, 15, and 18 ). These data indicate that, in addition to the sequence and size of the conserved DYLSF motif at residues 90 -94, another critical factor for nicastrin maturation and PS endoproteolysis is the length of the C terminus (Fig. 9) . DISCUSSION Our data reveal that PEN-2 plays a role in nicastrin maturation, PS endoproteolysis, and A␤ secretion and are in agreement with several previous reports (8, 15, 16) . However, our data also reveal that the C terminus is important in: 1) modulating the interaction of PEN-2 with the other presenilin complex components, 2) supporting nicastrin maturation and PS endoproteolysis, and 3) supporting A␤ secretion. Our intensive mutation analysis suggests that both the sequence of the DYLSF domain and the absolute length of the C terminus are important for these activities.
The deletion mutants, and to a lesser degree the individual missense mutations of the DYLSF domain, affect the binding of PEN-2 to the presenilin complex (and as a result they also affect presenilin complex assembly, maturation, and ␥-secretase activity to an equivalent degree). On the other hand, modulation of the length (but not the sequence) of the exposed extreme C terminus of PEN-2 has less impact on PEN-2 binding to the complex but does have a significant affect on presenilin complex maturation and ␥-secretase activity. We interpret these findings to mean that: 1) the amino acid sequence of the DYLSF domain is important for the physical binding of PEN-2 to the other presenilin complex components and 2) the absolute length of the C terminus is important for PEN-2 activity within functional presenilin complexes.
The DYLSF domain has no conserved homology by BLAST database search. However, the YLSF sequence matches the tyrosine-based sorting signal (YXX[LMVIF]) in the cytoplasmic tail of several proteins including the mu subunit of the AP (adaptor protein) complex, TGN38, epidermal growth factor receptor, mannose 6-phosphate receptor, and furin (25) (26) (27) (28) . The tyrosine-based sorting motifs in these proteins are responsible for targeting these proteins to various organelles (25) (26) (27) (28) . Although the YLSF motifs in these examples work in the cytoplasm, it is conceivable that the DYLSF domain of PEN-2 could also be involved in targeting PEN-2 to nascent presenilin complexes or may simply be a binding motif required for the interaction of PEN-2 with other proteins in the PS1 complex.
The fact that the absolute length (but not the sequence) of the C terminus of PEN-2 is critical for presenilin complex function but does not affect binding of PEN-2 to the complex suggests that the C terminus may be involved in maintaining non-sequence-based spatial interactions (e.g. spatial packing) with other components of the presenilin complex. A similar critical sensitivity to the length of the C terminus has been reported for both PS1 and PS2 (29) . Because the C termini of both PS1/PS2 and PEN-2 are oriented in the cytoplasm, additional experiments will be needed to discern whether the C termini of these two proteins in fact interact, whether directly with each other or with a third protein. However, taken together these data raise the possibility that PEN-2 might function as an important linker/spacer molecule that maintains spatial interactions between various presenilin complex components.
